The apparently spontaneous conversion of hemoglobin to methemoglobin is an occurrence that has been recognized ever since the discovery of the latter blood pigment (Hoppe-Seyler, 1864). Although certain bacteria can oxidize hemoglobin to methemoglobin, the alteration of hemoglobin observed by the chemist is probably rarely due to bacterial action. Indeed, this conversion can occur in the complete absence of bacteria, taking place in blood drawn and held under aseptic conditions and in solutions of crystalline oxyhemoglobin sterilized by Berkefeld filtration.
The so called "spontaneous" methemoglobin formation in drawn blood and in hemoglobin solutions seems to be the result of autoxidation of the hemoglobin itself or of other blood constituents. Some evidence indicative of the conditions influencing the "spontaneous" alteration of hemoglobin is presented in this paper. The investigation has consisted in large part of attempts to determine whether reducing conditions established by biological agents inhibit the transformation of hemoglobin to methemoglobin.
The "spontaneous" conversion of hemoglobin was observed by the earlier workers on blood pigment and led directly to the discovery and study of methemoglobin (early references cited in a preceding paper (1) ). The temperature of storage apparently affects only the rate of the reaction. When solutions of oxyhemoglobin are dried under usual conditions, the oxygen-carrying power of the hemoglobin is greatly diminished or entirely lost. Bohr (2) dried crystals of oxyhemoglobin under different conditions. Solutions of the dried crystals possessed different oxygen-combining power, and he concluded that this was the result of the presence of different modifications of oxyhemoglobin. He reported that solutions 561
of his "beta-oxyhemoglobin" were spectroscopically identical with his 'alphaoxyhemoglobin," although the oxygen-carrying value of the"beta-oxyhemoglobin" was considerably lower. Hifner (3), however, concluded that Bohr's solutions which exhibited different oxygen capacities consisted of different mixtures of intact and of partially destroyed hemoglobin. It is evident that Bohr's dried hemoglobin had undergone considerable alteration, since the solutions of "betaoxyhemoglobin" had to be clarified by prolonged centrifugation. The insoluble material may have been globin which Preyer (1868) (4) had previously found in solutions of methemoglobin crystals prepared by drying hemoglobin under conditions similar to those used by Bohr in the preparation of "beta-oxyhemoglobin."
The preparation of pure crystalline oxyhemoglobin is complicated not only by the fact that the use of reagents which contain oxidizing agents, such as ethylhydrogen peroxide in the ether, among others, must be avoided, but also by the fact that it seems to be exceedingly difficult to free the hemoglobin from traces of autoxidizable blood constituents. Solutions of apparently pure oxyhemoglobin crystals frequently include substances which consume molecular oxygen and form carbon dioxide.'
EXPERIMENTAL.
Methods.-All reagents used in the experiments were sterile. The oxyhemoglobin solutions were prepared without crystallization from the well washed cells of sterile, defibrinated horse and rabbit blood. The cells were laked in sterile distilled water and were frozen and thawed several times. Sterile phosphate solution was added in amount sufficient to give a final phosphate concentration of 20 mm. These solutions were then centrifuged.
The sterile, laked blood was obtained by freezing and thawing defibrinated horse blood; the laked blood was centrifuged to remove cell detritus.
The measurements of "oxygen content" and the determination of hemoglobin were made by the gasometric methods described by Van Slyke and Neill (7) .
The anaerobic bacilli used were strains of B. histolyticus and B. aeroftetidis.
I. Inhibition of the "Spontaneous" Formation of Methemoglobin in Blood at Ordinary Temperatures.
Preceding papers (1, 8) have shown that bacteria rapidly establish reducing conditions in blood or hemoglobin solutions if free access of air is prevented. Experiments were conducted to determine if the reducing conditions established by this biological method would prevent the "spontaneous" formation of methemoglobin which occurs in sterile blood. Reducing conditions were obtained in sterile laked X Unpublished observations. blood by adding suspensions of anaerobic bacilli (Bacillus histolylicus, Bacillus aeroftidis) and of the aerobic organism, Bacillus coli, which, among the aerobic bacteria, possesses particularly strong reducing powers. As previously shown, the bacteria rapidly consume all of the dissolved oxygen and also that dissociated from oxyhemoglobin. The hemoglobin reduced in this manner, and the same hemoglobin solution to which no bacteria had been added, were then stored under the same conditions and subsequently tested for "oxygen content" and "oxygen capacity."
Experiments to be reported in another paper show that "spontaneous" methemoglobin formation in sterile blood proceeds most rapidly at a diminished tension of molecular oxygen. In recognition of this fact, some of the tubes of sterile blood were sealed with vaseline to prevent further entrance of oxygen. In these closed systems, a somewhat reduced oxygen tension was soon provided by the oxygen consumption of the sterile, laked blood.
The hemoglobin was completely oxygenated in all the tubes at the beginning of the experiments. (1) In the series containing the bacteria, the tubes were sealed after the addition of the bacteria. The bacterial cells rapidly established their own reducing conditions even in the face of the reserve supply of molecular oxygen furnished by the dissociation of oxyhemoglobin. (2) In the unsealed tubes, the oxygen tension of the control samples was probably little less than that of the atmosphere, although the tubes were not agitated. (3) In the sterile blood in the sealed tubes, the oxygen tension was considerably diminished after several days, due to oxygen consumption by the blood itself.
After different periods of storage, "oxygen content" and "oxygen capacity" analyses were made. The protocols of typical experiments are given in Table I. The following relations are evidenced from the data presented in Table I . (1) Little or no methemoglobin can accumulate in blood which is held under the strong reducing conditions established by bacterial cells in a closed system. (2) If sterile blood is held in a dosed system under slightly diminished oxygen tension more methemoglobin is formed than is formed in an open system in which most of the hemoglobin remains as oxyhemoglobin.
As shown in the data presented, a slight decrease in" oxygen capacity" occurred in the blood containing the anaerobic bacteria after 5 to 14 days storage. Since no methemoglobin was ever detected spectroscopically in the samples reduced by the bacterial cells, it is doubtful if the slight but definite loss in "oxygen capacity" was due to methemoglobin formation. The most probable explanation of this loss in "oxygen capacity" is that some of the hemoglobin had combined with hydrogen sulfide or other gaseous products of bacterial putrefaction, and that these gases were not completely displaced by oxygen when the samples were " saturated" with air at the time of the analyses. "Total pigment" measurements by the cyanmethemoglobin method showed that the loss in "oxygen capacity" could not be explained by the proteolytic cleavage of the hemoglobin. The fact that little or no hemoglobin was hydrolyzed in the presence of large numbers of proteolytic bacteria shows that hemoglobin as a protein offers considerable resistance to some at least of the usual protein-hydrolyzing enzymes.
The prevention of the accumulation of methemoglobin in the above experiments is probably due to an actual inhibition of the oxidation of the hemoglobin rather than to the simultaneous reduction of methemoglobin. Later experiments show the reducing conditions established by bacterial cells can prevent subsequent methemoglobin formation at temperatures at which the bacteria are actually killed.
Experiments of the same nature as the preceding ones show that the alcohol-soluble constituents of sterile meat infusion can, like bacterial cells, establish reducing conditions under which the "spontaneous" formation of methemoglobin is inhibited or entirely prevented. If dilute solutions of oxyhemoglobin are placed in sealed tubes, methemoglobin is formed after several days storage at room temperature or at 37°C. However, if a small amountof the alcoholsoluble substances from meat infusion be added to the oxyhemoglobin, the oxygen is consumed and the deoxygenated hemoglobin can be stored for at least 9 months without the formation of a trace of methemoglobin. Dilute solutions of hemoglobin maintained in the reduced state by the action of sterile animal tissues have also been stored for months in sealed tubes without detectable methemoglobin formation. Although in the absence of air these substances establish reducing conditions under which the "spontaneous" formation of methemoglobin is inhibited, the same substances if air is present form oxidizing agents which rapidly oxidize hemoglobin to methemoglobin (9).
II. Inhibition of the "Spontaneous" Formation of Methemoglobin Which Occurs at High Temperatures.
In the early literature, reports are made that methemoglobin is formed rapidly whenever oxyhemoglobin is exposed to high temperatures. Experiments were made to determine the effect of reducing conditions upon the stability of hemoglobin exposed to temperatures of 55 0 C. The formation of methemoglobin when blood or solutions of hemoglobin are exposed to high temperatures was observed by the early workers on blood pigments. Hoppe-Seyler (10), however, reports that if oxyhemoglobin crystals are completely free from water, they may be heated to 100 0 C. without destruction of the hemoglobin. Dittrich (11) pumped off all of the oxygen from solutions of hemoglobin and sealed the glass container and then exposed this oxygen-free hemoglobin to a temperature of 55 0 C. While methemoglobin was formed rapidly in control tubes, in the presence of oxygen, Dittrich found that nomethemoglobin was formed in the oxygen-free hemoglobin even after 2 days exposure to 55 0 C. These results seemed of sufficient importance in connection with the present study to justify an attempt to confirm them by the more accurate methods of hemoglobin determination now at hand..
In the following experiments, suspensions of anaerobic bacilli were added to sterile solutions of oxyhemoglobin. The tubes were sealed and incubated at 37°0C. for 3 hours, during which time the bacteria consumed all the oxygen and provided . After different periods of exposure to this temperature, spectroscopic observations and gasometric analyses were made to determine the alteration of the blood pigments. Typical protocols are given in Table II .
As shown by the results of these experiments (Table II) the presence of molecular oxygen markedly affects the degree of stability of hemoglobin at 55°C. Whereas if oxygen is present the hemoglobin is rapidly destroyed to methemoglobin and finally to globin and hematin, the reduced hemoglobin may be exposed to 55°C. for periods as long as 10 days without loss of over 10 per cent in the original "oxygen capacity." Moreover, in spite of the small but significant losses in "oxygen capacity" which occurred it was never possible to detect the presence of methemoglobin in the oxygen-free series. After several days exposure to 55°C., some precipitation of the reduced hemoglobin occurred. This precipitate, however, redissolved when cooled, and despite this physical change was still capable of combining with oxygen.
These experiments confirm Dittrich's early work, since the amount of hemoglobin destroyed in the reduced series after 2 or 3 days heating could be detected only by refined gasometric methods. Dittrich interpreted his results as evidence that oxyhemoglobin is an intermediate product in the formation of methemoglobin from hemoglobin (i.e., Hb--HbO 2 -*MetHb). This interpretation is contrary to the relations established by Conant (12) and is not in keeping with the principles of the methemoglobin formation obtaining in the biological oxidations reported in previous papers (1, 8, 9, 13) . It is more probable that in the reducing conditions established by the bacteria in the above experiments previous to the heating treatment, all of the oxygen was removed and no oxidizing agents could be formed in the system to oxidize the hemoglobin. The reductions were induced, to begin with, by living bacteria, and once established were maintained during the subsequent exposure at 55°C. although continued exposure to this temperature resulted in the death of the bacteria.
On the other hand the results of these experiments indicate that in the presence of oxygen the formation of methemoglobin at 55C. represents an acceleration of the same oxidation reaction which is responsible for the "spontaneous" formation of methemoglobin observed at lower temperatures. The temperature, of 55 0 C. is especially suitable for the illustration of this relation, as at slightly higher temperatures the reduced hemoglobin itself is destroyed, apparently without passing through the stage of methemoglobin.
The results of Table II are also of interest from the standpoint of the relative stability of reduced hemoglobin and of methemoglobin. The methemoglobin which is formed in the hemoglobin solutions heated in the presence of oxygen is rapidly destroyed, in part at least, to globin and hematin, while the reduced hemoglobin proves relatively stable at 55°C. It has also been observed that sterile solutions of methemoglobin are less stable at ordinary temperatures than solutions of' hemoglobin or oxyhemoglobin. Apparently, the most usual course of the destruction of hemoglobin is by way of methemoglobin (i.e. HbO-d)Hb--MetHb--globin and hematin), the formation of methemoglobin being an intermediate stage in the normal destruction of blood pigment. DISCUSSION. Evidence has been reported in the preceding experiments. that the "spontaneous" formation of methemoglobin which occurs in sterile drawn blood or in sterile hemoglobin solutions can be prevented by maintaining the hemoglobin in a system rendered oxygen-free by biological reducing agents. This evidence in conjunction with earlier reports in the literature offers certain suggestions concerning the mechanism of the reaction usually involved in such methemoglobin formation. Since methemoglobin is now known to be the oxidation product of hemoglobin, it would seem certain that its "spontaneous" formation is an oxidation. The formation of methemoglobin through the influence of certain light waves may represent simply an increased velocity of the reaction which is responsible for "spontaneous" methemoglobin formation in the dark, as in both cases the presence of oxygen is required. The degree of aeration apparently affects the degree of alteration of hemoglobin during the drying of crystals (2, 3) . Moreover, as shown in the present paper, the presence of oxygen. also seems necessary for the "spontaneous" formation of methemoglobin in blood or in hemoglobin solutions, either at ordinary temperatures or at 55 0 C.
The actual oxidizing agents involved in "spontaneous" methemoglobin formation would seem to be either "activated" oxygen, possibly of peroxide nature, or molecular oxygen itself. Ozone, an oxidizing agent similar to those involved in so called oxygen activations, oxidizes hemoglobin to methemoglobin (14, 10) . "Spontaneous" methemoglobin formation may be due to the oxidizing agents formed from unsaturated substances in blood. The fact that light waves catalyze the methemoglobin-forming reaction (5) would be explained if unsaturated substances are involved, as light is a classical "activator" or "sensitizer" in the formation of peroxides from unsaturated compounds. In considering the importance of these substances in "spontaneous" methemoglobin formation, it is impossible to ignore the well known peroxide-activating property of the hemoglobin molecule itself.
However, it is possible that "spontaneous" formation of methemoglobin is due to an autoxidation of the hemoglobin itself; i.e., to a slow oxidation by molecular oxygen of hemoglobin in the complete absence of foreign substances. Such a reaction might well be accelerated by temperature or by light. Ferrous salts of the highest purity are frequently autoxidizable and are converted to ferric salts in solutions exposed to the air. A similar reaction may be induced in solutions of the complex ferrous salt which Conant has proposed to represent the hemoglobin molecule.
All of the examples of methemoglobin formation which had been reported in this and the preceding papers represent oxidations of the same general type. The mechanisms involved may be represented graphically as follows: 
